In the biogeochemical nitrogen cycle, microbial respiration processes compete for nitrate as an electron acceptor. Denitrification converts nitrate into nitrogenous gas and thus removes fixed nitrogen from the biosphere, whereas ammonification converts nitrate into ammonium, which is directly reusable by primary producers. We combined multiple parallel long-term incubations of marine microbial nitrate-respiring communities with isotope labeling and metagenomics to unravel how specific environmental conditions select for either process. Microbial generation time, supply of nitrite relative to nitrate, and the carbon/nitrogen ratio were identified as key environmental controls that determine whether nitrite will be reduced to nitrogenous gas or ammonium. Our results define the microbial ecophysiology of a biogeochemical feedback loop that is key to global change, eutrophication, and wastewater treatment.
C
urrently, most fixed nitrogen in the biosphere originates from anthropogenic sources such as the industrial production of fertilizer ammonium. Uptake of fertilizer by crops is only 17% efficient, and 1 to 5% of fertilizer ammonium is converted biologically into nitrous oxide, a long-lived and powerful greenhouse gas (1) . Microbial nitrification also converts a large portion of the fertilizer ammonium to nitrate in soil, where it subsequently runs off into surface waters and contributes to eutrophication in coastal zones. Nitrate emissions are partially remediated by denitrification in engineered environments such as wastewater treatment plants. If the end product of microbial nitrate reduction could be influenced by tuning environmental conditions, this would yield substantial ecological and economic benefits for both natural and engineered systems.
Two microbial processes compete for nitrate as an electron acceptor: denitrification (including anammox) and ammonification (including dissimilatory nitrate reduction to ammonium). The carbon/nitrogen ratio (2) (3) (4) (5) , pH (5) , nitrite versus nitrate concentration (5-7), soil sand content (5) , availability of fermentable carbon compounds (4, 8) , temperature (7, 9) , and sulfide concentration (10) (11) (12) are potentially important environmental controls on this competition. The lack of consensus regarding which factors are most important, and in which environments, is likely due to the complex and highly variable structure of natural microbial communities.
To unravel the selective forces behind the ecological success of denitrification or ammonification, we subjected natural communities to specific environmental conditions in multiple parallel long-term incubations (13) . The source community was from coastal, sandy tidal flat sediments that make substantial contributions to global denitrification and perform both denitrification and ammonification (12, 14) . We did not aim to reproduce the sediment community in the laboratory; we simply used the sediment as a highly microbially diverse inoculum to enable the selection of optimally adapted nitratereducing communities. We performed 15 parallel anoxic incubations ( Fig. 1 and table S1 ) with continuous substrate supply, which made it possible to maintain the nitrate and/or nitrite concentrations in the in situ micromolar range (<0.5 mM for nitrite, <10 mM for nitrate).
Denitrification and ammonification have two electron acceptors in common: nitrate and nitrite. In theory, the outcome of the competition could be most easily explained by which of these two compounds is supplied. In natural ecosystems, the relative supply of nitrate and nitrite is controlled by nitrification, a two-step process that can yield either compound as the end product. In our experiments with nitrate as the terminal electron acceptor, ammonification emerged as the prevalent pathway, whereas supply of nitrite resulted in denitrification prevalence (Fig. 1 ). Denitrification was always observed as the prevalent respiratory pathway when nitrite was supplied, even in the presence of fermentable substrates and sulfide, at low pH or at a reduced copper concentration. Thus, the supply of nitrite or nitrate was a key factor in the outcome of the competition between denitrification and ammonification. If elevated sulfide concentrations or changes in pH decrease the rate of nitrite production relative to the rate of nitrate production (15, 16) , this would therefore favor ammonification over denitrification, as was observed in some previous studies (5, 12) .
We further investigated the apparent success of ammonification with nitrate as the electron acceptor in a 400-day chemostat incubation. In a chemostat, the growth rate (or generation time) of the cultivated bacteria is controlled by the applied dilution rate, enabling us to test whether this factor affected the outcome of the competition in any way. The average in situ generation time of the sampled community was estimated at~0.4 days, a value derived from a metagenome of the tidal flat community (17) . During the 400-day incubation, the generation time was varied between 1.0 and 3.4 days and the nitrite and nitrate concentrations always remained in the low micromolar range (<0.5 mM for nitrite, <10 mM for nitrate). The generation time strongly affected the outcome of the competition for nitrate (Fig. 2) . As shown by mass balancing, denitrification prevailed at short generation times, whereas ammonification was most successful at long generation times, with a tipping point detected at a generation time of~1.7 days (Fig. 2) . After 185 days, we increased the generation time in the chemostat from 1.0 to 1.7 days and ammonification slowly became dominant; however, after day 230, denitrification regained prevalence. Ammonification only recovered after the generation time was further increased to 3.4 days after day 240.
To determine the mechanisms responsible for the observed selective effect of microbial generation time, we characterized the selected If the amount of ammonium produced did not exceed the amount of organic nitrogen provided, it most likely originated from the degradation of organic nitrogen supplied in the medium. This was confirmed by the detection of nitrogen (N 2 ) as the main product. Nitrite and nitrate concentrations were <0.5 mM and <10 mM, respectively (except in the "feast and famine" incubations) and electron donors were always present in a slight excess. SD (n = 3) values did not exceed symbol diameters. communities with metagenomic sequencing at different time points (Fig. 2) . Metagenomic reads were assembled into contigs, which were binned as described (18 fig. S3 and table S2 ). The metabolic interactions of the different populations can be inferred from the metagenomic, transcriptomic, and proteomic data ( Fig. 3 and table S3 ). The results suggested that denitrification was mainly performed by a population affiliated to Rhodobacteraceae (bin J) on or around day 54, and by a population related to Arcobacter (bin F) on or around day 189. Ammonification appeared to be mainly performed by a population related to Desulfuromusa (bin D) on or around day 152, and by a population related to Denitrovibrio (bin A) on or around day 336. The Desulfuromusa population showed high transcriptional activity of the nrfAH operon (encoding the pentaheme cytochrome c nitrite reductase complex that facilitates respiratory nitrite reduction to ammonium), whereas these genes were not detected for the Denitrovibrio population (table S14). Instead, this function was presumably performed by a transcriptionally highly active octaheme cytochrome c protein [OCC (19)]. The protein (contig00200_04753) clustered together with related proteins from Deferribacterales within a group of sequences from bacteria that thrive in anoxic habitats, several of which are capable of performing nitrite reduction to ammonium ( fig. S4 ). Elevated gene transcripts in the transcriptomic and metaproteomic data suggest that both the denitrifiers and the ammonifiers reduced nitrate to nitrite with a periplasmic nitrate reductase (NapAB) (table S14).
Proteomics and transcriptomic analyses suggested that at all time points sampled, specialized populations fermented sugars and amino acids, as shown by the presence and activity of genes involved in mixed acid fermentation and sugar and amino acid transport in bins affiliating with different Clostridiales (bins B, C, and E) and Spirochaetales (bin G) species (Fig. 3 and table  S3 ). All these populations were active in both the denitrifying and ammonifying stages of the experiment. These populations apparently did not participate in respiration but simply provided substrates to the nitrate-reducing populations in the form of fermentation products (e.g., acetate, formate, hydrogen). The transcriptomes and proteomes also suggested that sulfide was an additional electron donor driving nitrate respiration by the Rhodobacteraceae, Arcobacter, Sulfurospirillum (bin H), and Denitrovibrio populations ( Fig. 3 and table S3 ), and this was also confirmed experimentally (Table 1 ; fig. S5 ). The experimental results showed that~25% of the nitrate was respired via a socalled "cryptic" sulfur cycle (20).
Transcriptomics and proteomics together revealed that the metabolic interactions between the populations were stable and essentially independent of generation time (Fig. 3) . Denitrifiers and ammonifiers competed for the same substrates and used the same enzyme for nitrate reduction (NapAB) and therefore should have similar affinities for nitrate. This means that the observed selective force of microbial generation time most likely acted on a slight difference in substrate affinity for nitrite, the branching point of the two pathways. Even though specific enzyme affinities have been determined for isolated nitrite reductases, their in vivo affinities are unknown. Apparent substrate affinities are directly proportional to potential rates, and we observed large differences between the potential rates of nitrite reduction of the two pathways, especially when multiple electron donors were provided (Table 1 ). For ammonification, the rates were lower than for denitrification, even leading to the transient accumulation of nitrite during ammonification of nitrate, which was not observed during denitrification ( fig. S6 ). Lower rates with multiple electron donors might be explained by a bottleneck in electron supply to the nitrite reductases of ammonification. These require six electrons per nitrite, versus only a single electron for denitrification.
In all experiments reported so far, nitrate or nitrite were in limited supply in the presence of a slight excess of carbon substrates. According to previous studies (2-5), carbon limitation in the presence of excess nitrate should favor denitrification. To investigate this idea in the present experimental context, we performed a continuousculture incubation under carbon limitation with excess nitrate. A shorter generation time and a supply of nitrite instead of nitrate were tested in two parallel control experiments. In all three cases, denitrification became the prevalent pathway ( fig. S7 ), confirming the importance of carbon/ nitrogen ratio in addition to generation time and supply of nitrite relative to nitrate. Finally, we investigated the potential effect of temperature on the competition by determining the apparent activation energy (E a ) and the Q10 temperature coefficient for both processes (Table 1 and fig. S8 ). The calculated coefficients were not significantly different (F 2,18 = 1.93, P = 0.174); thus, we were not able to reproduce a previously observed effect of temperature on the competition between two bacterial isolates (9) .
Generation time, nitrate versus nitrite supply, and carbon/nitrogen ratio completely and reproducibly explained the fate of nitrate in 21 experimental trials with a microbial community sampled from a marine tidal flat. For these factors to hold such strong selective pressure, it is conceivable that the conditions favored the selected populations for reasons that are unrelated to nitrate respiration and cannot be extrapolated to other habitats. However, the combined results show that denitrifying and ammonifying populations were competing for the same electron donors (mainly organic acids, formate, hydrogen, and sulfide; Fig. 3 ) provided by the same fermentative populations. Further, selective pressure of pH, copper, presence of sulfide, supply of fermentation products, natural seawater and temperature could be ruled out on the basis of independent experiments (Fig. 1 and fig. S8 ). Instead, the results suggest that the selective force acted directly on the nitrite reductases. A slightly higher apparent affinity for nitrite of the cytochrome cd 1 nitrite reductases of denitrification would explain the observed higher fitness of denitrification with nitrite as the electron acceptor and at shorter generation times. With nitrate, when the generation time is short, NrfA/OCC cannot keep up with the nitrate reductase ( fig. S6) 
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Type I interferon (IFN) protects against viruses, yet it also has a poorly understood suppressive influence on inflammation. Here, we report that activated mouse macrophages lacking the IFN-stimulated gene cholesterol 25-hydroxylase (Ch25h) and that are unable to produce the oxysterol 25-hydroxycholesterol (25-HC) overproduce inflammatory interleukin-1 (IL-1) family cytokines. 25-HC acts by antagonizing sterol response element-binding protein (SREBP) processing to reduce Il1b transcription and to broadly repress IL-1-activating inflammasomes. In accord with these dual actions of 25-HC, Ch25h-deficient mice exhibit increased sensitivity to septic shock, exacerbated experimental autoimmune encephalomyelitis, and a stronger ability to repress bacterial growth. These findings identify an oxysterol, 25-HC, as a critical mediator in the negative-feedback pathway of IFN signaling on IL-1 family cytokine production and inflammasome activity.
A s well as having potent antiviral activity, type I interferon (IFN) has a suppressive influence on immunity, an action that helps prevent uncontrolled inflammation and that underlies its utility in treatment of certain autoimmune diseases, such as multiple sclerosis (1-4) . This suppressive action also contributes to the increased propensity for bacterial infection after viral infection (1, 2) . A central facet of the IFN-mediated suppressive effect is down-regulation of inflammasome activity and interleukin-1b (IL-1b) production (3, 5) . However, which of the several hundred IFN-stimulated genes are responsible for these effects is poorly SCIENCE sciencemag.org
